The turbulent mixing of hydrothermal hot fluid with cold seawater creates large chemical gradients at a small spatial scale that may induce variable physiological and biochemical adaptations within the vent fauna. The adaptation to such a variable environment by the vent mussel Bathymodiolus azoricus relies on a dual symbiosis hosted in the gills, and digestion of particulate organic matter. The surrounding environment not only provides the necessary energy sources and suspended organic particles for the vent mussel nutrition, but also potentially toxic compounds such as metals. Our main goal was to see if there is a relation between metal accumulation in mussel organs and the chemical characteristics of their close environment. Mussels were collected at six locations in a cold part of the Eiffel Tower fluid-seawater mixing zone, characterized by distinct chemical compositions. Metals (Cd, Cu, Fe and Zn) and metallothioneins were quantified in the gills and digestive gland. The physiological condition of the sampled mussels was also evaluated using tissues and gill indices. Our study indicates that the accumulation of metals in B. azoricus is related to their spatial distribution and linked to fine scale environmental conditions that influence the physiological status of the organism.
as µg g -1 of dry weight. The Zn levels measured in the certified material 157
presented overestimated values. Metal levels in mussel whole tissues were also 158 expressed as µg g -1 of dry weight. 159 160
Metallothionein analysis 161
The 1 ml aliquot of the supernatant, obtained from the centrifugation described in 162 section 2.3, was heat-denatured (90 °C, 15 min) and centrifuged for 10 min at 13 000 g, 163 at 4ºC, in order to separate the heat stable metallothionein (MT) from thermo labile 164 compounds. The heat stable fractions were used for the quantification of MT by 165 Differential Pulse Polarography (DPP) according to Olafson and Sim (1979) and 166 Thompson and Cosson (1984) . A standard addition calibration curve was obtained using 167 rabbit liver MT-I as reference. Results were expressed as µg g -1 of dry weight. 168 169
Condition indices 170
The tissue condition index (TCI) and gill index (GI) were used to assess the 171 physiological condition of the collected mussels. The tissue condition index was 172 determined according to Voets et al. (2006) : TCI = tissues dry weight (g)/mussel shell 173 volume (ml). The mussel shell volume (V m ) was calculated based on the length, width 174 and height of the mussel shell with the formula: V m = (length x width x height)/C. C is a 175 constant determined empirically as follows. Table 3 gives the number of mussels collected at each location and the mean shell 208 allometric parameters. The mussels from locations C3 and C10 have significantly larger 209 shell length than mussels from locations C1, C4, C5 and C12 (K-W, p<0.05). However, 210 mussels from C3 and C10 have significantly similar shell lengths (K-W, p>0.05) as do 211 the mussels from C1, C4, C5 and C12 (K-W, p>0.05). 212 213
Metal and MT levels 214
Mean metal and MT levels in the gills and digestive gland of mussels collected at 215 the 6 locations, are given in Figures 2. In brief, whatever the collection locations, Cd 216 ( Fig. 2-a) , Fe (Fig. 2-c) and MT ( Fig. 2-e ) presented higher levels in the digestive gland. 217
Copper was present preferentially in the gills (Fig. 2-b ) except for mussels from the 218 coolest location (C12). Regarding Zn, no relationship was observed between gills or 219 digestive gland levels and locations ( Fig. 2-d) . 220 221
Metal organotropism between locations 222
Cadmium levels were statistically higher in the digestive gland than in the gills 223 (M-W, p<0.05) for mussels from the locations C3, C4 and C5. On the other hand, Cu 224 levels were statistically higher in the gills than in the digestive gland (M-W, p<0.05), 225 except for C12, where Cu levels were higher in the digestive gland (M-W, p<0.05). No 226 significant difference was observed between Cd levels of both tissues (M-W, p>0.05) in 227 mussels from the warmest location (C10) or from the coolest one (C12). At the 6 sampled 228 locations, Fe and MT levels were higher in the digestive gland than in the gills (M-W, 229 p<0.05). At the location C1 and C10, gills showed higher levels of Zn than the digestive 230 gland (M-W, p<0.05), the opposite was found in mussels from location C5. No 231 statistically significant differences were found for Zn levels between both tissues (M-W, 232 p>0.05) in mussels from locations C3, C4 and C12. 233 234
Metal levels between locations 235
The gills of mussels from locations C1, C3, C4 and C10 showed similar levels of 236 Cd (K-W, p>0.05), lower than those observed for locations C5 and C12 (K-W, p<0.05), 237 which were not significantly different (K-W, p>0.05). The digestive glands of mussels 238 from the locations C1, C4, C10 and C12 showed similar levels of Cd (K-W, p>0.05) as 239 did mussels from locations C3 and C5 (K-W, p>0.05). The gills of mussels from the 6 240 different locations showed similar levels of Cu (K-W, p>0.05) with the exception of 241 those from C4, which had the lowest values (K-W, p<0.05). The digestive glands of 242 mussels from C1, C4, and C3, C5, C10 showed similar levels of Cu, respectively (K-W, 243 p>0.05). The gills of mussels from the different locations showed similar levels of Fe (K-244 W, p>0.05) with the exception of those from locations C5, which had the lowest values 245 (K-W, p<0.05). The digestive glands of mussels from the different locations showed 246 similar levels of Fe (K-W, p>0.05) with the exception of those from the locations C4, 247 which exhibited the highest values (K-W, p<0.05). However, concentrations at C4 were 248 not significantly different from those at C5 (K-W, p>0.05). The gills of mussels from the 249 locations C1, C3, C4, C5 and locations C10 and C12 showed similar levels of Zn (K-W, 250 p>0.05). The lowest mean level was observed at C4 while the highest values were 251 measured at C10 and C12. The digestive glands of mussels from locations C1, C3, C4 252 and C10 showed similar levels of Zn (K-W, p>0.05),. The highest mean level of Zn was 253 observed at C12. No difference could be established between MT levels in both organs of 254 mussels with the exception of mussels from location C12. Here, the gills had higher 255 levels of MT than the gills of mussels from C4 and C10 (K-W, p<0.05), while the 256 digestive glands had higher levels of MT than the digestive glands of mussels from C1 257 (K-W, p<0.05). 258 259
PCA 260
A principal component analysis (PCA) was used to investigate the spatial 261 distribution of mussels relative levels of metals and MT in both organs, and shell length, 262 over the individuals. For each tissue, PCA clearly separated individuals between the 263 locations according to their relative levels of the different metals and MT, and shell 264 length ( Fig. 3-4) . The first two principal components accounted for 56.4 % of the 265 variability in the metal levels in the gills, with 34.5% on axis 1 and 21.9% on axis 2 (Fig.  266   3A) . Several groups of mussels were discriminated. Starting from the right side of axis 112 and moving towards the left, mussels from C4 were followed by those from C1, C3 and 268 C12. This axis discriminates according to the relative levels of Cu, Zn, Cd, and MT (Fig.  269   3B ). On the second axis, mussels from C10 are discriminated from C5 mussels with 270 respect to the relative levels of Fe and shell length. 271
In the digestive gland, the PCA showed that the first two axes accounted for 60.8 272 % of variability between the mussels, with 38.9 % explained by axis 1 and 21.9% by axis 273 2 (Fig. 4A) . Axis 1 discriminates according to the relative levels of Zn, Cd, Cu and MT, 274 while axis 2 discriminates positively Fe levels and negatively the shell length (Fig. 4B ). 275
Mussels from locations C1, C3, C4 and C10 (right of axis 1) separated from C12 mussels 276 (left of axis 1). Mussels from C10 were separated from those from other locations along 277 axis 2. 278
Results of these two PCAs show that: (i) there is a clear segregation in the metal 279 accumulation by B. azoricus from different sampling locations, (ii) this segregation is 280 observed for both studied organs, (iii) the size of the mussels is also a discriminating 281 factor. 282 283
TCI and GI 284
The mean values of tissue condition index (TCI) and gill index (GI) in mussels 285 collected at the 6 locations are shown in Fig. 5 . In order to limit the effect of mussel size, 286 comparisons were made among mussels from locations C1, C4, C5 and C12 (mean length 287 < 6 cm) and among mussels from locations C3 and C10 (mean length > 6 cm). Therefore, 288
we observed that mussels from location C1 and C4 showed the highest mean TCI and GI 289 13 (K-W, p<0.05). The TCI in mussels from location C10 was higher than in mussels from 290 location C3 (M-W, p<0.05), although their GI were not different (M-W, p>0.05). 291 (Figs. 3-4 ) indicated that mussels 318 from location C12 are clearly distinct from mussels from location C4 in terms of the 319 amounts of metals present in their tissues. 320 of dissolved Cu to the vent mussels but also in a Cu fraction more bioavailable to the 334 organisms, as most of the dissolved Cu is present in the form of inorganic or hydrophilic 335 organic complexes ). Redissolution reactions could also occur with 336 other metals, resulting in their higher bioavailability for the mussels. Nevertheless, the 337 highest levels of Cu and Fe were found in the digestive gland rather than in the gills. This 338 observation may indicate that suspension-feeding is the main path for both Cu and Fe 339
uptake. In such a diluted environment, B. azoricus can not rely on the thiotrophic and 340 methanotrophic endosymbionts to fulfill their nutritional needs. Therefore, its ability to 341 
Locations C1, C3, C4 and C5 347
The distribution of metals between the studied organs was similar for the mussels 348 collected at these four microhabitats. Besides the fact that mussels from location C3 349 showed a higher mean length, than those from the other locations, hand, high levels of Fe were found in the digestive gland of mussels from this location 371 and from C4. The ability of mussels to ingest suspended particles may be responsible for 372 observed in the studied organs of C5 mussels. Copper redissolution phenomena may 383 account for its preferential accumulation in the gills rather in the digestive gland of 384 mussels collected from locations C1, C3, C4 and C5. Zinc accumulation patterns were 385 highly variable. They may reflect the variability of Zn in each of the locations, as well as 386 variable abilities of the vent mussels to reduce Zn uptake and regulate its storage, as 387
shown previously for coastal mussels ( 
MTs 403
Several studies undertaken with costal mussels showed that the primary role of 404
MTs is the homeostasis of essential metals and the prevention of non-essential metal 405 binding to other ligands resulting in a metabolism dysfunction (Roesijadi et al. 1996) . suggesting that these organisms may rely on this metalloproteins to cope with their 411 fluctuating immediate environment. However, mussels from location C12 showed higher 412 levels of MT than mussel from C4 and C10, probably due to the high levels of metals in 413 their tissues, namely Cu, and the depleted amounts of reduced compounds essential for 414 their nutrition through the endosymbiont primary production. Moreover, higher MT 415 levels do not always reflect higher bioavailable metals in the environment but also can 416 result from slower MT turnover rates that depend on the associated metals (Cu-MT or 417
Cd-MT e.g.) (Wang et al. 2010) . 418 419
TCI and GI 420
Since the uptake and accumulation of metals in mussels are actively controlled by 421 physiological and biochemical processes (Mubiana et al. 2006), a better nutritional status 422 allows the mussel to cope with metal exposure. Our results corroborate this hypothesis 423 since the mussels with higher physiological conditions (C1 and C4) showed lower metal 424 levels in both tissues. On the contrary, mussels from location C12 showed low TCI and 425 high metal levels. As larger mussels rely preferably on endosymbionts for their nutrition 426 Table 2 Mean values (± SD) of environmental conditions (temperature (T), pH, total dissolved sulfide 5.7 ± 0.5 6.6 ± 0.1 6.1 ± 4.4 1.7 ± 0.8 2.1 ± 1.3 C5 5.1 ± 0.5 6.9 ± 0.1 1.9 ± 0.9 0.1 ± 0.2 0.8 ± 0.4 C10 8.8 ± 2.7 6.0 ± 0.4 34.9 ± 22.0 5.3 ± 3.6 0.5 ± 0.7 C12 4.8 ± 0.3 7.1 ± 0.6 2.3 ± 1.1 0.4 ± 0.4 2.6 ± 2.2 Table 3 Number (n) and shell size (± SD) of the mussels collected in each of the 6 sampled locations. ) and digestive gland (shade columns) of mussels collected at each location (C1, C3, C4, C5, C10 and C12). Vertical bars represent the standard deviation of the mean. Symbol (-) represents significant differences between tissues for each location. Similar letters indicate no statistical difference among locations for gills (□) and for digestive gland (■). ) TCI (closed diamonds) and GI (open diamonds) in mussels collected at each location (C1, C4, C5, C12 and C3, C10). Locations are separated by mussels shell length (<6 cm>). Vertical bars represent the standard deviation of the mean. Similar regular letters indicate no statistical difference among locations with mussels length <6 cm ( ) and similar italic letters indicate no statistical difference among locations with mussels length >6 cm ( ).
